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The paper of Morton, Crow, and Muller,' which presented a method designed
to differentiate between mutational and balanced (segregational) loads, stimulated
a great deal of research on the subject, and generated considerable controversy.
Both the validity of the technique (see Crow2 and Levene3 for references), as well
as the interpretation of the results in different species (Neel4 summarizes the
extensive human material; Malogolowkin-Cohen, Levene, Dobzhansky, and
Solima Simmons5 may be consulted for literature on Drosophila), have been
questioned.
Much of the dispute on the utility of the method proposed by Morton, Crow, and

Muller sprang from theoretical considerations of both mathematical and biological
nature. But an even more important source of disagreement existed in the com-
parative dearth of extensive and accurate data. Some of the information on man
suffers from unreliability, partly as a result of intrinsic inaccuracies of field mate-
rial and partly because of scant numbers.' Inferences from studies on domestic
animals6 are complicated by their previous history of inbreeding. Even the
Drosophila material reported upon in the early investigations was, relatively speak-
ing, limited.

It was hence thought that species of the flour beetle, Tribolium, which possess
many advantages as experimental material for population genetics studies (Sokoloff
and ShrodeD), could be profitably utilized in a diversified mass test of the Morton,
Crow, and Muller model.

Essentially, the experimental procedure in such a test involves comparison of
survival rates from egg to larva and from larva to adult of the offspring from mat-
ings between full sibs, half sibs, and unrelated parents. Experiments were under-
taken on two species, T. castaneum (hereafter designated as CS) and T. confusum
(to be referred to as CF), in each of two environments differing in relative humidity.
The different kinds of strains investigated included, for each species, two natural
populations, a stock derived from a cross between them, a synthetic laboratory
population constituted from a number of wild strains, a heterozygous population
reconstituted from a four-way cross of inbred lines, and a highly inbred line.



VOL. 53, 1965 GENETICS: LEVENE ET AL. 1043

Materials and Methods.-The natural populations of CS were derived from samples in animal
feed storage rooms of the Department of Zoology, University of California, Davis, and at a flour
mill in Oakland, California, respectively. Similarly, the CF strains were obtained from storage
bins containing mash in the Poultry Department, University of California, Berkeley, and from
the same flour mill in Oakland as the CS population. Over 100 adults of these CS and CF strains
were introduced into fresh medium and transferred three or four times to new culture bottles at
3-day intervals. Each strain was thus initiated from numerous eggs laid by the captured adults.
The two synthetic populations were formed some 3 years before the experiments were started

by crossing a number of laboratory lines of various geographical origins. Also, a series of inbred
lines maintained by brother X sister mating was produced from the synthetic population of each
species.8 The CS synthetic strain, and the inbred lines derived from it, are marked with sooty,
an autosomal body color gene. The heterozygous populations studied were established from a
four-way cross of the inbreds after some 30 generations of inbreeding. 0 Finally, the inbred lines
used were chosen, on basis of high productivity, from the surviving lines after 32 generations of
brother X sister mating.
From each of the noninbred strains studied, 10 males were selected at random, and each male

was placed with 3 virgin females in a small vial containing standard medium (19 parts by weight of
whole wheat flour and 1 part of dried brewer's yeast). A crossbred population of each species
was initiated by mating each of 10 University of California males to 3 Oakland females.

After 3 days the males were isolated, and the females transferred individually to vials marked
la, b, c, 2a, b, c, .-. ., 10a, b, c. After a week the females were transferred to another set of vials.
If no viable eggs had been produced, the females were remated with the same male. The pro-
cedure for the inbred strains was the same, although here the initial matings were brother X
sister.
When pupae appeared, they were isolated according to sex and allowed to metamorphose.

Adults, 5 or 6 days old, were mated as follows: (a) full-sib matings-one male from each of the a
(1-10) vials was mated with 20 females from the same vial; (b) half-sib matings-one male from
each of the a (1-10) vials was mated with 20 females from the b (1-10) vials; (c) "random"
mating-to ensure that no brother X sister matings occurred, males from vials c (1-5) were mated
with females from the c (6-10) vials and vice versa, for a total of 100 single-pair matings.

After a week the females were isolated in individual 1-dram vials half-filled with standard
medium. Half of the vials were placed in an incubator maintained at 290C and 70% relative
humidity, and the other half in another incubator kept at 290C and approximately 40% relative
humidity.
Three days later, 20 eggs were chosen at random from each vial, placed in 1-dram vials contain-

ing approximately 11/2 gm of standard medium, and returned to their respective incubators.
The female was considered unfertilized if a small number of eggs were found (less than 10) or
if the eggs appeared abnormal (collapsed, discolored, or shrivelled). She was then remated with
her original partner. Larvae were recorded 18 days later. Adults were counted and discarded 27
days after the larval count.

Because of apparent nonlinearity in some of the strains, the series involving the CS strain re-
constituted from four inbred strains (cross A in Table 1) was repeated with some modifications
about 18 months later, when the lines had been inbred for 42 generations, as a test case. By then
one of the inbred lines was extinct and a related subline was substituted in the four-way cross
(B in Table 1). In addition a similar series (cross C) was initiated, using single-pair full- and half-
sib matings instead of mating one male with 20 females.

In order to distribute the work load, the CS matings were made 3 weeks before the parallel
experiments with CF.

During the process of counting the adults it was noted that some beetles were still in the pupal
stage. For computation purposes it has been assumed that they would have become adults. It
was also found that in some vials there were a number of tiny larvae 45 days after the experiment
was begun. These larvae (never exceeding 1% in any of the strains) were assumed to die before
becoming imagoes.

Methods of Analysis.-Survival values in each of the 20 vials sired by one male are
correlated. There is a similar correlation within groups of 20 single-pair matings,
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since some of the males are brothers or half brothers to each other and some of the
females are similarly sisters or half sisters. Accordingly, the basic data used for the
analysis were the sums of 10 replicates, which provided 10 independent observations
for each strain-humidity combination. From these observations the proportion
of eggs becoming larvae, the proportion of eggs becoming adults, and the proportion
of larvae becoming adults were calculated.
The data were analyzed on the IBM 1620 computer at the Survey Research

Center of the University of California, Berkeley. Estimates of A, B, and B/A of
Morton, Crow, and Muller' were obtained by weighted regression analysis, in the
manner of Malogolowkin-Cohen, Levene, Dobzhansky, and Solima Simmons.5
The variances in the two environments were similar and therefore were combined,
providing 18 degrees of freedom for estimating parameters separately at the two
humidities.
A serious objection to the procedure is that the ratio of the estimates of B to A

is a biased estimate of the true B/A. It can be shown that the bias is of the order
1/N, where N is the effective number of observations (somewhere between 6000
eggs and 30 viability values), while the expression

B/A - (B/A3)VarA + (1/A2)CovAB (1)

has a bias only of the order 1/N2, and hence is more satisfactory. In these data
the bias is more serious than in the data of Malogolowkin-Cohen et al.,5 since each
strain-humidity combination is based only on 6000 eggs, and therefore the esti-
mates have comparatively large variances.
An appealing way of reducing the bias to the order of 1/N2 is provided by the

unpublished so-called "jackknife" method of Tukey (see Miller9). Using it, the
30 basic observations for each strain-humidity combination were combined into 10
groups of three, every group using corresponding cultures for each of the three
levels of inbreeding. Ten estimates of B/A were then obtained by weighted regres-
sion on nine observations consisting of all but the ith group. These are denoted by
Ri(9)) i = 1, ... 10. If R(10) is the estimate of B/A obtained from all 10 groups,
then R1 = 10 R(10)- 9 R,(9) are approximately independent estimates of B/A, and
their mean, R, and standard deviation may be calculated. The estimate R will
have the required smaller bias, and Student's distribution with nine degrees of
freedom may then be used to obtain approximate confidence intervals for R. The
same procedure was used to obtain unbiased estimates and approximate empirical
standard deviations for A and B separately. It should be pointed out that be-
cause of removal of the bias, the estimate of B/A is not equal to the ratio of the
separate estimates of B and A.
The "jackknife" method and the estimate corrected by formula (1) differed on

the average by less than 1 per cent, whereas the uncorrected estimates of B/A
were found to have an upward bias averaging 3.5 per cent. On the other hand,
biases in A and B were negligible. Finally, it was gratifying to find that the
standard error obtained by the two methods were in reasonably good agreement.
Since the "jackknife" procedure did reduce the bias, further analysis was based on
its use. Values of A, the expressed load; of B, the concealed load; and of B/A are
given in Tables 1 and 2. The values for larva to adult mortality are very small,
thereby producing erratic B and B/A estimates. As a result, the egg to larva and
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FIG. 1.-Combined estimates for A, B, and B/A and their lower and tipper 95% confidence
limits for various populations of Tribolium castaneum and 7'. confusum. The scale runs from
right to left. (On the left A is given by solid lines and B by dashed lines.)

B values for the two repeats of the four-way cross in CS are low, suggesting that
most of the load in these experiments was expressed rather than concealed, further
adding perplexity. In the CF inbred line B was low, but with a large standard
error, so that quite high values are possible, as are negative values. Another
surprising result is the value of B for the inbred CS strain. Even the lower 95 per
cent confidence limit is large, suggesting that in spite of a history of 32 genera-
tions of brother-sister mating, the amount of concealed deleterious recessives
carried is still quite large. This could be due to interline selection for fitness be-
tween offspring of different sib matings keeping this line heterozygous for heterotic
genes or gene combinations that are deleterious when homozygous.
The B/A ratios, as always, are more variable, varying from 0 to 6 in CS and

from -0.9 to 3.5 in CF, with means of 3.7 and 1.7, respectively, for the outbred
strains. The values for the inbred strains and the two repeats are all well under 2.
In general, the values of B/A are considerably less than those for Drosophila;
however, they vary considerably from strain to strain, indicating the danger of
drawing conclusions for a species from studies of one or a few populations. If the
B/A ratio gave a reliable estimate of the relative size of the mutational and balanced
loads, which the present authors doubt, these data would give little or no evidence
for a large mutational component.

Since there are apparent differences between different strains, further statistical
tests were made. First, tests of heterogeneity between strains, based on the var-
iances found by the "jackknife" method, were carried out. Heterogeneity between
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FIG. 2.-Proporton of eggs surviving to adults (expressed by y = -loge) for F = 0, 1/8, and
1/4 in various populations of Tribolium castaneum and T. confusum. The numbers below each
curve are t values for nonlinearity (* = significant at the 5% level; *** = significant at the
0.1% level).

the A, and B, and the B/A values for 70 per cent, 40 per cent, and both humidities
combined for the five outbred strains were significant for CF at the 0.1 per cent
level, except for A at 70 per cent humidity which was significant at the 5 per cent
level. On the other hand, for CS only the values at 40 per cent, and B for the
combined data were significant, and then only at the 5 per cent level. Thus,
averaging the results from all outbred strains would seem to be more legitimate for
CS than for CF. However, in neither case is the average a really meaningful
estimate of the situation for the species as a whole, since in each case two of the
five strains are wild populations, and the others are rather special. For the same
reason, a comparison between the two species is not very meaningful; nevertheless,
the differences in the means for the outbred strains of the two species were tested,
both using the sum of their individual variances as error, and by a simple two-sample
t test. In no case was the difference significant by either method. While the CS
inbred strain has a significantly greater A value, and a just significantly greater B
value, than the CF inbred, this difference should probably be attributed to the dif-
ference in the inbred strains used, rather than to any real species difference.
The data on Drosophila5 indicate a lack of linearity in inbreeding effects, with a

greater than proportional load, as measured by y = - loge (proportion surviving)
at higher inbreeding values. Such a depature, if real, may be attributed to epistatic
interactions (synergism). In Figure 2 the values of y are given for egg to adult
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survival for the combined humidities; and for the three values of the inbreeding
coefficient, F, of 0, 1/8, and 1/4. It will be noted that some of the graphs are prac-
tically linear, others are concave upward, indicating positive synergism, with the
combination of several deleterious genes being worse than predicted, while others
are convex upward, indicating negative synergism or compensation by deleterious
genes acting together. Nonlinearity was tested using 8(y, + y3 - 2Y2), where
Y1, Y2,Y3 correspond to F = 0, '/8, '/4, which is the difference between the slope of
the second line segment and the first. Its variance is 64 [Var (y') + Var (Y3) + 4
Var (Y2)]. The value of t (the difference divided by its standard deviation) is
shown under each graph. It may be seen that the four-way hybrid A for CS shows
significant negative synergism at the 5 per cent level, and the University of Cal-
ifornia wild strain of CF shows significant positive synergism at the 0.1 per cent
level, with none of the other values being statistically significant. The individual
values can be combined for testing in two different ways to answer two different
questions. First, we may add all the values of 8 (Y1 + y3 - 2Y2) algebraically, and
test the sum against the square root of the sum of the variances. This tests whether
there is significant synergism in a consistent direction. The mean difference in
the two slopes for all strains tested is 0.86 ± 0.33 for CF, giving significant positive
synergism, while for CS the difference is- 0.58 d 0.43, which is nonsignificantly
negative, with an upper 95 per cent confidence limit of + 0.27. Hence there still
might be some positive synergism here also.
The second way to combine the data is to square the individual t values and add

them. The sum has approximately a Chi-square distribution with as many degrees
of freedom as there are t values. This tests for an over-all tendency to nonlinearity,
but not necessarily in a consistent direction. For CF, x2 = 35.4 with 6 degrees of
freedom, which is significant at the 0.1 per cent level, while for CS, x2 = 8.6 with
8 degrees of freedom, which is not significant. Thus there is good evidence of
epistatic effects in one species, but not in the other, emphasizing the difficulty of
drawing general conclusions from the kind of data and the methods of analysis used.

Conclusions.-(1) Estimates of A, B, and B/A in Tribolium appear to be of the
same general order of magnitude as in Drosophila. (2) There are, however, some
differences in these parameters both between the two species studied, and within
species between inbred and noninbred populations. Furthermore, different non-
inbred populations of T. confusum also show heterogeneity in the amounts of
genetic load. (3) The relatively low magnitudes of B to A ratios, and the existence
of unexplainable differences between the various populations make the Morton,
Crow, and Muller method not a particularly useful one for discriminating between
mutational and balanced loads. (4) Evidence for synergism of gene action at the
level of inbreeding (half-sib and full-sib mating) studied was obtained for T. con-
fusum.

* Supported by grant GM-08942 from the USPHS. The assistance of Mrs. Marjorie Hoy in
some of the computations and of Mrs. Barbara Strong in the preparation of the graphs is grate-
fully acknowledged.

t On leave from Departments of Mathematical Statistics and Zoology, Columbia University.
Research aided in part by the Office of Naval Research under contract Nonr-4259(08), project
NR-042-034.
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TI-E GENETICS OF A COMMON INDIAN DIGITAL ABNORM1ALITY
BY AJIT KISOR RAY AND J. B. S. HALDANE

GENETICS AND BIOMETRY LABORATORY, GOVERNMENT OF ORISSA, BHUBANESWAR-3, ORISSA, INDIA

Communicated February 15, 1965

While examining Orissan males for color vision, Ray noticed three unrelated men
with short fourth toes among 2500, and showed that the condition was an irregular
autosomal dominant. Since then, he has searched for the condition in this and other
states, and has seen 118 cases. Besides these, 51 living and 34 dead short-toed
members of the pedigrees have been reported. Most of the dead had died young
and recently. Only 6 were two generations older than the propositi. The grand
total affected is thus -206. Ray is responsible for collecting the pedigrees, and
Haldane for their analysis. The condition is not rare. Ray has collected pedigrees
of some other digital abnormalities, the commonest being dominant polydactylisiln.
But short fourth toes are much more frequent than all the rest combined.
A similar and similarly inherited abnormality has been reported in Yucatan (MI.

Steggerda, 1942) and in Japan (S. Ogawa, 1953; S. Katsura and S. Hayakawa, 1938;
and others) and a similar abnormality, with no data on inheritance, in the Congo.
But it is very rare in people of European descent. R. R. Gates (1946) cited 7 Euro-
pean and North American pedigrees in which there was irregular dominant inherit-
ance of short metacarpals, in a few of whose members a fourth toe was short, but
nothing resembling our pedigrees in which the shortening of the metatarsal is only
associated with other abnormalities in 8 per cent of cases. We publish a brief ac-
count of our findings here, because we believe them to throw new light on the nature
of penetrance and expressivity, but mainly in the hope of stimulating anthropolo-
gists and geneticists to make a world-wide search for this condition. A full account
will appear elsewhere (Ray, in preparation).
The condition, which is present at birth, is due to shortening of the fourth meta-

tarsus. In 130 cases it was present on both feet, in 41 on the right foot only, and in
35 on the left only; 104 men and 102 women were affected. Other associated
anomalies are not rare. Among 117 persons with short toes seen by Ray the follow-
ing were found:

3 with short terminal phalanx of thumb, 2 bilateral, 1 unilateral
3 with unusually long index fingers on both hands


